The ͑Sr 1−x Ca x ͒ 3 Ru 2 O 7 solid solution series exhibits complex magnetic ground states, ranging from an itinerant metamagnetic state, to a quasi-two-dimensional ͑2D͒ heavy-mass nearly ferromagnetic ͑FM͒ state, and finally to a long-range antiferromagnetically ordered state ͓Z. Qu et al. Phys. Rev. B. 78, R180407 ͑2008͔͒. In this paper, we investigate the evolution of structural distortion and magnetic anisotropy with Ca content in this material system. Our results show that both the magnetic phase transitions and magnetic anistropy of this system couple with the evolution of structure distortion. The transformation from the itinerant metamagnetic to the nearly ferromagnetic state is accompanied by an increase in the rotation of the RuO 6 octahedra while the transition from 2D nearly FM state to the antiferromagnetic state coincides with the onset of tilting of the RuO 6 octahedra. Octahedral tilting also causes magnetic anistropy. These results demonstrate that the lattice and spin degrees of freedom are coupled in ͑Sr 1−x Ca x ͒ 3 Ru 2 O 7 .
I. INTRODUCTION

The
Ruddlesden-Popper perovskite ruthenates, A n+1 Ru n O 3n+1 ͑A =Ca,Sr͒ ͑Ref. 1͒ have attracted considerable interest since the discovery of superconductivity in Sr 2 RuO 4 . 2 The properties of the various layered phases, with different n, have been studied and a wide range of unique magnetic and electronic properties have been observed. The Sr-based series shows spin-triplet superconductivity for n =1 ͑Sr 2 RuO 4 ͒, [3] [4] [5] a metamagnetic quantum critical end point for n =2 ͑Sr 3 Ru 2 O 7 ͒, [6] [7] [8] and itinerant ferromagnetism for n = ϱ ͑SrRuO 3 ͒. [9] [10] [11] [12] The Ca-based series, however, exhibits distinctly different properties for corresponding phases. Ca 2 RuO 4 is an antiferromagnetic ͑AFM͒ Mott insulator; [13] [14] [15] [16] Ca 3 Ru 2 O 7 is an AFM quasi-two-dimensional ͑2D͒ metal; [17] [18] [19] and CaRuO 3 is a paramagnetic "bad" metal. 12 Such diverse ground states suggest that the lattice degree of freedom is a key parameter in controlling the physical properties of these materials, and that it couples with the spin and charge degrees of freedom.
The interplay between lattice, charge, and spin degrees of freedom offers unique opportunities to tune the ground states of these materials using control parameters such as chemical composition, external pressure, or applied magnetic field. For example, in the single-layered Ca 2−x Sr x RuO 4 solid solution series, isovalent Ca substitution for Sr, causes dramatic changes in electronic and magnetic ground-state properties. [13] [14] [15] [16] 20 With increasing Ca content the system evolves from the spin-triplet superconductor Sr 2 RuO 4 to a ferromagnetic ͑FM͒ instability and eventually to a FM cluster glass near x ϳ 0.5 while for 0.2Յ x Ͻ 0.4, the system changes into a metal with AFM correlation and an AFM Mott insulating state for x Ͻ 0.2. [13] [14] [15] Such complex electronic and magnetic phase transitions are attributed to the substitution-induced structural changes, which manifest as RuO 6 octahedra rotation, tilting, and flatting. 21, 22 Theoretical work show that rotation drives the FM instability while tilting and flatting are responsible for the AFM instability in the single-layered solid solution series. 23 In addition, tilting lifts the orbital degeneracy of Ru 4d electrons, resulting in orbital ordering. [24] [25] [26] [27] [28] The richness of physics in Ca 2−x Sr x RuO 4 suggests chemical substitution in the double-layered solid solution series ͑Sr 1−x Ca x ͒ 3 Ru 2 O 7 may also lead to interesting properties. We recently studied this system using high-quality single crystals grown by a floating-zone technique and observed interesting magnetic phase transitions. 29 We found that with Ca substitution for Sr, the system transforms from an itinerant metamagnetic state ͑0 Յ x Ͻ 0.08͒ to an unusual heavy-mass nearly ferromagnetic state ͑0.08Ͻ x Ͻ 0.4͒. This nearly FM state is characterized by an extremely large Wilson ratio R W ͑e.g., R W ϳ 700 for x = 0.2͒, and does not develop a longrange FM order at low temperatures despite considerably strong FM correlations, instead freezing into a cluster-spinglass ͑CSG͒ phase. A similar spin-glass phase was also recently reported by Iwata et al. 30 The characteristics of this magnetic state suggest that the system is close to a 2D FM instability. When Ca content is increased above 0.4, we observe that the system orders antiferromagnetically with a Ca content-dependent Néel temperature ranging from 30 to 56 K, consistent with the results previously reported by other groups for this composition range. [30] [31] [32] In this paper, we report our systematic studies on the evolution of structure and magnetic anisotropy in ͑Sr 1−x Ca x ͒ 3 Ru 2 O 7 . As in Ca 2−x Sr x RuO 4 , Ca substitution for Sr in ͑Sr 1−x Ca x ͒ 3 Ru 2 O 7 increases structural distortion. From structural refinements of x-ray diffraction ͑XRD͒ spectra, we have derived structural parameters including the rotation and tilting angles of the RuO 6 octahedra, as a function of Ca content for this system. We find that the magnetic phase transitions and the magnetic anisotropy in this system couple to the evolution of the structural distortion. The transformation from an itinerant metamagnetic state to the nearly FM state coincides with the increase in RuO 6 octahedra rotation while the transition from the nearly FM state to the AFM state coincides with the onset of RuO 6 octahedra tilting. The octahedral tilting also gives rise to magnetic anisotropy. These results indicate that the lattice and spin degrees of freedom are coupled in ͑Sr 1−x Ca x ͒ 3 Ru 2 O 7 .
II. EXPERIMENT
Single crystals of the ͑Sr 1−x Ca x ͒ 3 Ru 2 O 7 solid solution were grown by the floating-zone method using a commercial image furnace ͑NEC Machinery corporation SC2-MDH͒. To ensure that the samples selected for experiments did not contain any intergrowth of ͑Sr, Ca͒ 4 Ru 3 O 10 ͑Ref. 33͒ or ͑Sr, Ca͒RuO 3 ͑Ref. 12͒ which is FM, we screened our samples using a superconducting quantum interference device ͑SQUID͒ magnetometer, in addition to XRD characterization. It is well known that SQUIDs are extremely sensitive to ferromagnetic materials and can probe ferromagnetic impurity phases much less than 1% of the bulk.
Structural studies of ͑Sr 1−x Ca x ͒ 3 Ru 2 O 7 were performed by XRD. Rietveld refinements with general structure analysis system ͑GSAS͒ code were used to analyze all the XRD data, which were collected by a step mode with 5 s per step on the diffractometer with powdered single crystals for each composition. All measurements were conducted at room temperature. The Quantum Design SQUID magnetometer used for quality examination of single crystals was also employed for systematic measurements of the magnetic properties on selected single crystals.
III. RESULTS AND DISCUSSION
The structures of both end members of ͑Sr 1−x Ca x ͒ 3 Ru 2 O 7 , Sr 3 Ru 2 O 7 , and Ca 3 Ru 2 O 7 , have been previously studied by powder neutron diffraction. [34] [35] [36] [37] Crystal structure distortions are observed in both materials. In Sr 3 Ru 2 O 7 , the RuO 6 octahedra are rotated by 6.8°about the c axis, and the rotation is reversed between adjacent and corner-shared octahedra. 34 This rotation forms a three-dimensional order and leads to orthorhombic symmetry with space group Bbcb and a pseudotetragonal unit cell ͓a = 5.5006͑4͒ Å, b = 5.5006͑4͒ Å, and c = 20.725͑1͒ Å͔. 34 In contrast, Ca 3 Ru 2 O 7 has a more distorted structure than Sr 3 Ru 2 O 7 due to the smaller ionic radius of Ca 2+ with respect to Sr 2+ . In addition to rotation, the RuO 6 octahedra in Ca 3 Ru 2 O 7 exhibits tilting about the axis parallel to the edge of octahedral basal plane. The rotation and tilting angles are = 15°, = 13.6°, respectively. 37 Figure 1 illustrates rotation and tilting schematically. This structural distortion reduces the symmetry of Ca 3 Ru 2 O 7 to Bb2 1 m with an orthorhombic unit cell ͓a = 5.3781͑2͒ Å, b = 5.5227͑2͒ Å, and c = 19.5872͑8͒ Å͔. 37 In order to determine the nature of the structure evolution from Bbcb to Bb2 1 m with Ca substitution for Sr, we have conducted Rietveld structural refinement on ͑Sr 1−x Ca x ͒ 3 Ru 2 O 7 samples with various Ca content. We compared the refinements using the Bbcb and the Bb2 1 m space groups for each composition, finding that Bbcb yields the best fit for x Ͻ 0.4 while Bb2 1 m yields the best fit for x Ͼ 0.7. Figure 2 shows two typical examples for these two composition regions; the compositions of these two samples are ͑Sr 0.8 Ca 0.2 ͒ 3 Ru 2 O 7 and ͑Sr 0.1 Ca 0.9 ͒ 3 Ru 2 O 7 .
In the 0.4Ͻ x Յ 0.7 composition range both the Bbcb and Bb2 1 m space groups appear to yield similar fits. However, compared to the structure with the Bbcb space group, the structure with the Bb2 1 m space group has more structural distortion, and therefore exhibits some diffraction peaks which are forbidden in Bbcb symmetry. From the comparison of the x-ray diffraction spectra calculated using Bbcb and Bb2 1 m space groups, we find that both ͑h0l͒ ͑h , l = odd͒ and ͑hk0͒ ͑h = even, k = odd͒ peaks are present for the Bb2 1 m space group but forbidden for the Bbcb space group. In order to identify the space group for the samples in the 0.4Ͻ x Յ 0.7 composition range, we have carefully examined the Bbcb forbidden ͑h0l͒ and ͑hk0͒ peaks in these samples and find that ͑107͒, ͑105͒, ͑301͒, and ͑210͒ peaks are present, indicating that the samples with 0.4Ͻ x Յ 0.7 have the Bb2 1 m space group as those samples with x Ͼ 0.7. In contrast, we do not observe these Bbcb forbidden peaks in all samples with x Ͻ 0.4. As an example, we present the x-ray diffraction data in the 34.5°-36.5°angle range for the x = 0.38, 0.5, and 1.0 samples in Fig. 3 , where the ͑107͒ peak is remarkable for the x = 0.5 and 1.0 sample but absent in the x = 0.38 sample. For x = 0.4 while we have not succeeded in growing crystals large enough for structure analysis, our magnetic measurement on a small crystal reveal that it has similar AFM properties as the x = 0.5 sample, as shown below; this implies that the x = 0.4 sample may have the Bb2 1 m space group and that the critical composition for Bbcb-Bb2 1 m transition may be between x = 0.38 and 0.4. Table I Our refinement results show that these structural parameters change coincide with the evolution of rotation and tilting of the RuO 6 octahedra. As shown in the bottom panel of Fig. 4 , Ca substitution for Sr increases the rotation angle which approaches saturation for x Ͼ 0.6 while the tilting angle becomes nonzero only for x Ͼ 0.4, increasing dramatically when x Ն 0.5. For end members Sr 3 Ru 2 O 7 and Ca 3 Ru 2 O 7 , both the lattice parameters and the rotation/tilting angles we derived are consistent with values previously obtained via structural refinements using neutron-diffraction data. 34, 37 While our structure analyses stated above are based on the x-ray diffraction data taken at room temperature, the Bbcb-Bb2 1 m structure transition near x = 0.4 most likely sustains down to low temperatures. This is supported by our specific-heat measurements on samples with x = 0.1, 0.3, 0.6, 0.7, and 1.0 as shown in Fig. 5 . According to our previous work, 29 the x = 0.1 and 0.3 samples are nearly ferromagnetic while the x = 0.6, 0.7, and 1.0 samples are AFM and their AFM transitions are followed by metal-insulator ͑MI͒ transitions. In x = 0.1 and 0.3 samples, we do not observe any anomaly in specific heat within the 2-300 K temperature range, suggesting that there is no structure transition at low temperature for samples with x Ͻ 0.4. For x = 0.6, 0.7, and 1.0 samples, however, we observe anomalies near the AFM and MI transition temperature, consistent with the result previously reported. 38 Neutron-scattering studies on Ca 3 Ru 2 O 7 ͑Ref. 37͒ reveal that although the lattice parameters exhibit jumps near T MI , the space group of the system does not change across the MI transition, remaining at Bb2 1 m below T MI . Therefore, it is most likely that the MI transitions in all of samples with 0.4Յ x Ͻ 1.0 do not involve space-group transition.
The evolution of structural distortion described above couple with the magnetic phase transitions in ͑Sr 1−x Ca x ͒ 3 Ru 2 O 7 . First, the transformation from an itinerant metamagnetic ͑0 Յ x Ͻ 0.08͒ to a 2D nearly FM state ͑0.08 Ͻ x Ͻ 0.4͒ coincides with a change in octahedral rotation. The rotation angle increases from 7.5°for x = 0 to about 12°for x ϳ 0.4. Based on previous studies on the related Ca 2−x Sr x RuO 4 system, 23, [39] [40] [41] near the Fermi level, driving the system toward a FM instability, according to the Stoner criteria. 23 This accounts for our observation of a 2D nearly FM state for 0.08Ͻ x Ͻ 0.4. In addition, octahedral rotation is likely to change the orbital occupation of the Ru 4d electrons. Our Hall-effect measurements suggest that a multiband effect is involved in the evolution of the FS properties with Ca substitution for Sr, and that the bands from 4d xy orbitals have a dominant contribution to the density of state near the FS when x Ͼ 0.08. 29 Second, the magnetic ground-state transition from the 2D nearly FM state to the AFM state, 29 the electronic state transition from weakly localized state induced by magnetic scattering to Anderson localized state, 42 and the crystal structure transition from the Bbcb to the Bb2 1 m space group all occur at the same critical composition ͑x Ϸ 0.4͒, indicating a coupling between the lattice, spin, and charge degrees of freedom. In Ca 2−x Sr x RuO 4 , octahedral tilting is known to favor AFM superexchange coupling between neighboring spins 21, 22 mediating in-plane AFM order. Neutron scattering measurements on Ca 3 Ru 2 O 7 ͑Refs. 18 and 43͒ show that the AFM order in double-layered phase arises from weak interlayer coupling, i.e., FM RuO 2 bilayers are antiferromagnetically coupled along the c axis, different from the singlelayered phase. Further work is needed to clarify how the long-range AFM order in double-layer system is associated with octahedral tilting. Another consequence of octahedral tilting is the presence of magnetic anisotropy. This indicates that the b axis is the easy axis of spin polarization. 43, 44 With Sr substitution for Ca, the anisotropy between H ʈ a and H ʈ b decreases. For the sample with x = 0.8, although the spin-flop transition still only occurs for H ʈ b, the magnetization for H ʈ a is larger than that of the x = 1 sample. For x = 0.6, the anisotropy between H ʈ a and H ʈ b becomes less remarkable. When x Ͻ 0.4, the system becomes quasitetragonal and the magnetic anisotropy disappears ͑see the data of the x = 0.3 sample in Fig. 6͒ . The systematic change in the magnitude of magnetic anisotropy ͑MMA͒ with the Ca content is presented in the inset of Fig.  6 ͑MMA is defined as the ratio of the magnetization measured with H ʈ b to that measured with H ʈ a at 7 T and 2 K͒. MMA is decreased by a factor of 10 from 100% Ca content to 40% Ca content. Magnetic anisotropy does not develop until Ca content, x Ͼ 0.4, further enhancing for x Ͼ 0.6, as seen in the inset. From the aforementioned dependence of the RuO 6 octahedra tilting angle on the Ca content x, we can see that the evolution of magnetic anisotropy shows a similar trend as the tilting angle via Ca content x. That is, the magnetic anisotropy occurs with the onset of tilting and enhances with the increase in the tilting angle. We note that magnetic anisotropy in Ca 2−x Sr x RuO 4 is thought to be induced by octahedral tilting. 14, 22 A similar mechanism may also apply for the double-layer system.
Accompanying the presence of magnetic anisotropy for x Ͼ 0.4, we also observe a transition in saturated magnetic moment M s . As shown in Fig. 7͑a͒ , M s estimated from the magnetization measured at 7 T and 2 K ͑see Fig. 6͒ , remains nearly constant, ϳ0.5 B / Ru for x Ͻ 0.4 but increases significantly for x Ն 0.4; M s = 1.79 B / Ru for Ca 3 Ru 2 O 7 , consistent with the previously reported result. 17 Such a transition can be understood as following. While the electronic ground state of Ca 3 Ru 2 O 7 behaves as a quasi-two-dimensional metal, [17] [18] [19] angle-resolved photoemission spectroscopy 45 and photoconductivity studies 46 revealed that the major parts of the FS are gapped below the metal-insulator transition temperature T MI ͑48 K͒ and only small, non-nested sections of FS survive below T MI . This suggests that the measured saturated mo- 42 Therefore, the saturated moments measured in this composition range should still primarily be local moments. For x Ͻ 0.4, however, the electronic state is itinerant. In the metamagnetic region ͑0 Յ x Ͻ 0.08͒, the electronic state exhibits Fermi-liquid behavior. In the nearly FM state in 0.08Ͻ x Ͻ 0.4, there exist two different electronic ground states. For 0.08Ͻ x Ͻ 0.25, the ground state is metallic, with resistivity exhibiting a ϰ T n ͑2 Ͻ n Ͻ 3͒ temperature dependence at low temperature. For 0.25Ͻ x Ͻ 0.4, we observe a weakly localized behavior below the freezing temperature of the CSG phase, 42 which we have shown is due to magnetic scattering between FM clusters in the CSG phase; the electrons are itinerant in each individual cluster. 29, 42 Therefore, the magnetism in the entire region of x Ͻ 0.4 can be viewed as the magnetization from itinerant electrons, and is a consequence of FS polarization. From our structural studies presented above, the crystal structure transition should play an essential role in generating local moments for x Ն 0.4.
In order to further examine the relationship between the structural distortion and magnetic properties, we performed Curie-Weiss analysis for ͑Sr 1−x Ca x ͒ 3 Ru 2 O 7 . We find that the susceptibility data can be fitted to = 0 + C / ͑T − T CW ͒ in the 200-300 K temperature range for all samples, regardless of Ca content, where 0 is a temperature-independent term, C is the Curie constant, and T CW is the Weiss temperature. Figures 7͑a͒ and 7͑b͒ summarize the effective numbers of Bohr magneton P eff and the Weiss temperature T CW derived from these fittings. T CW shows systematic changes with the Ca content x. T CW = −32 K for Sr 3 Ru 2 O 7 is consistent with the previously reported result. 47 With Ca substitution for Sr, T CW increases and is close to zero for 0.2Ͻ x Ͻ 0.4. When x Ն 0.4, T CW becomes positive, and it is slightly anisotropic between H ʈ b and H ʈ a for x Ͼ 0.7, due to the presence of remarkable magnetic anisotropy discussed above.
Band-structure calculations suggest that Sr 3 Ru 2 O 7 , which has the least structural distortion, has competing magnetic fluctuations; AFM fluctuations caused by FS nesting coexist with FM fluctuations induced by the FS being in close proximity to a Van-Hove singularity. 48 to 0 K for 0.2Ͻ x Ͻ 0.4 suggests that the magnetic ground state of the system evolves toward a 2D FM state with T C = 0 K. As discussed above, such an evolution toward a 2D nearly FM state is associated with RuO 6 octahedra rotation. The positive sign of T CW for x Ն 0.4 indicates that the dominant magnetic correlations are FM. This is not contradictory to the AFM ground state we observed in this composition region for several reasons. As noted above, the AFM state in 0.4Յ x Ͻ 1.0 is characterized by stacking FM bilayers antiferromagnetically along the c axis. The in-plane FM correlations should be much stronger than the AFM coupling between layers. The FM features reflected in the fitting should be due to in-plane FM correlations.
In contrast with the remarkable transition in M s , P eff only exhibits a small change across the transition from the nearly FM state to the AFM state. For 0.4Յ x Յ 1.0, the value of P eff is between 2.8 B and 3.0 B , close to the expected value for Ru 4+ S = 1 configuration whereas for 0 Յ x Ͻ 0.4, P eff is ϳ2.5 B . The slightly reduced P eff for x Ͻ 0.4 is likely due to the enhancement of electron itinerancy. We note that in Ca 2−x Sr x RuO 4 , P eff exhibits a sharp decrease with Sr substitution for Ca near x = 0.2, corresponding to a transition from a S =1 to S =1/ 2 configuration. This transition has been interpreted as being associated with an orbital selective Mott transition. 14, 52, 53 Our observation in ͑Sr 1−x Ca x ͒ 3 Ru 2 O 7 is clearly different from this scenario.
IV. CONCLUSION
In summary, we have systematically investigated the evolution of structural distortion and magnetic properties of the ͑Sr 1−x Ca x ͒ 3 Ru 2 O 7 solid solution system. In combination with our previous work of magnetic phase diagram of this system, we find that both magnetic phase transitions and magnetic anisotropy couple to the evolution of structural distortion. The structural distortion primarily manifests as rotation and tilting of RuO 6 octahedra and this distortion leads to Bbcb-Bb2 1 m structure transition near x = 0.4. The increase in octahedral rotation is associated with the transformation from the itinerant metamagnetic state to the 2D nearly FM state. The presence of octahedral tilting near x = 0.4 is accompanied by the magnetic transition from the nearly FM state to the AFM state and the increase in tilting angle for x Ͼ 0.4 leads to enhanced magnetic anisotropy. Furthermore, the saturated magnetic moment exhibits a sharp increase near the critical composition ͑x = 0.4͒ for the structure transition. All of these results demonstrate that the spin degree of freedom is interplayed with the lattice degree of freedom in ͑Sr 1−x Ca x ͒ 3 Ru 2 O 7 .
